We analyze interface motion in the random-field Ising model with quenched disorder by means of Monte Carlo simulations. In the absence of thermal fluctuations a depinning transition occurs at some critical threshold field. We study the interface motion in the vicinity of the threshold field by varying the temperature as well as the driving field. It turns out that thermal fluctuations yield a rounded transition which can be characterized by a critical exponent.
Introduction
Driven interfaces in systems with quenched disorder display with increasing driving force a transition from a phase where no interface motion takes place to a phase with a finite interface velocity. This so-called depinning transition is caused by a competition of driving force and quenched disorder which hinders the interface motion (see e.g. 1 ) . Depinning transitions are found in a large variety of physical problems, like fluid invasion in porous media, 2 depinning of charge density waves, 3, 4 or field-driven motion of domain walls in ferromagnets. 5 With the assumption that the lattice constant is substantially smaller than characteristic fluctuations of the interface position a continuum theory has been proposed. 5 This continuum theory yields the conclusion that the motion of domain walls can be described by an Edwards-Wilkinson equation 6 with quenched disorder. However, by describing the time evolution of a single valued function the Edwards-Wilkinson equation takes no overhangs into account. Overhangs occur in magnetic systems where interfaces separate, for instance, regions of different spin orientations. While the interface motion in a system with quenched disorder near the depinning transition is theoretically investigated often in the absence of thermal fluctuations, these fluctuations affect the experimental study of the depinning transition. 7, 8, 9 The crucial point is that energy barriers which are responsible for a trapping of the interface in a metastable state at zero temperature can always be overcome due to thermal fluctuations. In the vicinity of the transition point this yields a rounded transition (for experimental evidence see, for instance, Fig. 2 in  9 ). To charac-terize this rounding quantitatively a scaling ansatz has been proposed. 4 This ansatz is based on an equation of motion for sliding charge density waves and predicts its characteristic velocity to be a power law of temperature at the critical threshold.
Interfaces in the random-field Ising model
We investigate interface motion in the 3d random-field Ising model (RFIM) with quenched disorder on a simple cubic lattice. The Hamiltonian of the RFIM is given by
where we restrict the exchange energy J = 1 to nearest-neighbors. The magnetic moments S i are coupled both to a driving field H and to quenched random fields h i which are uniformly distributed within an interval [−∆, ∆]. An initially flat interface is built into the system separating regions of upand down oriented spins corresponding to S i = ±1. One orientation of the magnetic moments is favored by the driving field by which a magnetization reversal process is started. Interface motion is caused by flips of magnetic moments adjacent to the interface. The dynamics of this process is simulated by a Monte-Carlo based single-spin-flip dynamics with transition probabilities p(S i → −S i , T ) according to a heat-bath-algorithm 10 at finite temperatures T . At zero temperature these transition probabilities reduce to
with δH = H(−S i ) − H(S i ) denoting the corresponding change in H. Beside interface motion, also nucleation may occur, i.e. a magnetic moment initially parallel to all of its neighbors turns and remains turned during the time evolution of the system. Since we are interested in studying interface motion it is essential that within the observation time nucleation does not occur. The minimum energy needed for isolated spin flips is 2(zJ − H − ∆). As long as this quantity is large as compared to the temperature the time scales of nucleation processes and interface motion are separated. 11 In particular, there is no need to suppress artificially nucleation or isolated spin flips during the simulation.
The analysis of interface motion on simple cubic lattices usually considers tively (see e.g. 12, 13, 14, 15, 16 ). However, investigating these interfaces in the limit of vanishing disorder means that interface motion is restricted to driving fields H/J > z − 2 where z denotes the number of next neighbors.
12 To avoid this, we consider [111]-interfaces in the 3d-RFIM which move in the absence of disorder at arbitrarily small driving fields. Hereby, the separation of time scales for interface motion and nucleation is even further increased. 
Depinning transition
First we consider the depinning transition of the interface which occurs for T = 0. This situation is illustrated in a 2d sketch in Fig. 1 . If the driving field exceeds some critical value H c interface motion takes place. Recent investigations on the depinning transition of diagonal interfaces in the RFIM show that characteristics of this transition depend crucially on the existence of overhangs. 17 For ∆/J < 1 there are no overhangs near the transition point H c = ∆. Under these circumstances, interface motion is restricted to driving fields exceeding each random field and the interface velocity is neither affected by the driving field nor by the strength of the random fields. 17 This behavior changes for ∆/J > 1 where overhangs are created. Here, the depinning transition takes place at H c < ∆ leading to a disorder affected interface motion.
We analyse the disorder averaged interface velocity in the limit of large times which can be interpreted as the order parameter of the depinning transition. Figure 2 shows the interface velocity for a fixed value of ∆ and its dependence on the driving field, both, for T = 0 and T > 0. Since in the vicinity of the transition point finite size effects may become important, we calculated the interface velocities in systems of different size L. We found that for sufficiently large L the interface velocity is almost unaffected by finite-size effects. Therefore, the values of the interface velocity shown in Fig. 2 correspond within negligible errors with those of the limit L → ∞.
We first focus our attention to T = 0. The corresponding interface velocities are denoted by filled symbols in Fig. 2 . These data suggest that without thermal fluctuations the interface velocity vanishes continuously at the transition point, i.e.
The inset of Fig. 2 shows a logarithmic plot of the interface velocities which confirms this assumption. Fitting the data according to Eq. (3) yields β = 0.66 ± 0.04 and H c = 1.37 ± 0.01. In the presence of thermal fluctuations, however, Eq. (3) is no longer valid since pinning does not occur. This is due to the fact that a pinned interface is trapped in a metastable state which can always be overcome by thermal fluctuations. As can be seen from Fig. 2 (submitted for publication) the transition is rounded with increasing temperature. To characterize this rounding quantitively a scaling ansatz has been proposed,
The asymptotes of the scaling function f (x) are given by f (x → ∞) ∼ x β and f (x → 0) = const, respectively. Figure 3 shows the dependence of the interface velocity on the driving field for various values of T . The data are rescaled according to the scaling ansatz, Eq. (4), and are identical with those shown in Fig. 2 for T > 0. As can be seen the scaling ansatz is fulfilled and one obtains δ = 2.38 ± 0.2, β = 0.63 ± 0.05, and H c = 1.375 ± 0.01. Both, the values of H c and β correspond within the error-bars with the values found for T = 0. The scaling ansatz, Eq. (4), has also been shown to be a valid description for an [11] -interface in the 2d-RFIM with quenched disorder.
11
Thus, the interface velocity evolves both for d = 2 and for d = 3 according to a power law with increasing temperature, v ∼ T 1/δ at H = H c . This coincides with properties of an order parameter at continuous equilibrium phase transitions (see, for instance, 19 and references therein) and leads us to the conclusion that the influence of temperature on the depinning transition can be understood in well-established terms of criticality.
(submitted for publication)
Summary
We studied numerically the motion of an [111]-interface in the random-field Ising model with quenched disorder which is a magnetization reversal process. An investigation of the interface motion at finite temperatures is possible since within the time scale which is used to investigate the interface no nucleation processes occur. 11 We analyzed the interface velocity near the critical threshold by both varying temperature and driving field. It turns out that a scaling ansatz [Eq. (4) ] found in the context of sliding charge density waves is a valid description for the depinning transition observed in the RFIM. This scaling ansatz has two meaningful consequences: (i) without thermal fluctuations the interface velocity vanishes at the transition point according to a power law which suggests that critical behavior takes place. (ii) For H = H c the dependence of the interface velocity on the temperature is also given by a power law.
